Introduction
For the estimation of effect in the human by various boneseeking radionuclides, metals or chemical compounds, it is necessary to correlate and adjust the biological stages between the animal and the human.
The appearance and subsequent development of the secondary ossification centers in human bone normallly follow a fairly definite pattern and time schedule, as described by Vaughan [18[ . And also the sequence of union among the various epiphyses is definite and constant as reported by Stevenson [15[ and other investigators [1] , [12] , [17] . Based on these results, the secondary ossification centers in maturing state have been widely used as an indicator of the body maturity in man. On the other hand, these have been a very few reports on those of the experimental animals.
The studies on the bone growth, particularly that of the secondary ossification centers in the rat, have been made by Dawson [2] , [3] , [4] , Spark and Dawson [14] , Strong [16] , and Donaldson [5[ . These studies have revealed, to a certain extent, the time of appearance and of fusion of the secondary ossification centers. However, these data are not sufficient to show the complete maturation process of the rat.
Our present study was undertaken to clarify the whole process of maturation of the secondary ossification centers of the rat to provide basic information for the estimation of body maturation. Examination was made of the epiphyses of the long bones of the rat limbs, since these are the most reliable of all the age indicators of the entire skeleton in man as reported by Stevenson [15] and also the most easily measurable indicator in the rodent. Examination was carried out by x-ray radiography after separating the extremities from the body and taking away the skin. The condition of taking X-ray films was as follows ; voltage ranged from 20 to 30 kVp., current from 200 to 300 mA, and distance from the focus to the body centers was 70 cm.
Film used were X-Omat mammography films (Eastman Kodak Co. ; USA). weeks (0.01> P). The individual at the same measuring point were mostly less than one millimeter, and sometimes up to 2.5 millimeters in the older animals. The coefficient of variation of the bone length ranged from 0.01 to 0.13.
The development of each ossification center is shown in Figs. 3-a and 3-b. The axis of longitude represents the score of the stages of the development proposed by Ohwada and Sutow [13] and the axis of abscissa represents the chronological age. Most of the secondary ossification centers of the fore and the hind limbs appeared at 2 weeks, except that the supraglenoid tubercle appeared at 1 week and that both the head of humerus and the greater trochanter appeared at 4-weeks. The states of these ossification centers could be assessed to be almost within the range between the 1st and 3 rd stage of the development, though a few epiphyses were in the 4 th or 5th stage of the crieeria [13] . By 4 weeks, almost all of the ossification centers developed to be in the range between the 4 th and 6 th stages. Distal epiphysis of humerus already fused at 4 weeks.
At 4 to 8 weeks, most of the ossification centers of fore limbs developed enough to be assessed at the stages of their development. During this period, most of them except both epiphyses of humerus appeared to cease their growth temporarily and to remain in the range from the 4 th to the 6 th stages.
On the other hand, most of the secondary ossification centers of hind limbs continued to grow gradually during 4-to 8-weeks.
The fusion of the epiphysis of femur was completed at 9-weeks.
Each secondary ossif ication center of both extremities gradually developed during 8-to 15-weeks, and at 15-weeks all the ossification centers were beyond the 7 th stage.
From 15-weeks to 104-weeks, the condition of the secondary ossification centers remained almost unchanged.
In five secondary ossification centers such as the distal epiphysis of radius, both epiphyses of ulna, the proximal epip- The individual difference of the secondary ossification centers at each measuring point were within the difference of 0.5 stage on the basis of the employed criteria [13] .
The sex difference of the secondary ossification centers was sometimes up to about 1 stage, and in the period between 10-to 25-weeks, the females were, on the average, in advance of the males in the growth of the secondary ossification centers. The curve showing the maturation process of each secondary ossification center presented in Figs. 3 -a and 3 -b has been plotted out of the average values of both males and females in each age group, since their difference were very slight, usually being within 1 stage in the limited period.
Discussion
The present observation of the bone growth in the rat, especially the maturation process of the secondary ossification centers, suggested that it may be regarded as reliable parameter to indicate the body maturity.
The coefficient of variation of the bone length was smaller than that of the body weight, and the individual and sex differences of the states of the secondary ossification centers were also much smaller.
The time to reach the plateau on the increase of the bone length was earlier than that of the body weight, although the determination of the time could not be exactly defined. It appears that the bone length tends to increase gradually for a long period after the accelerated growth in the early period. Donaldson [5] reported that the bones of the extremities of the rat were still in a condition to increase in length after two years.
In the observation of the secondary ossification centers such as the distal epi- Comparison was made of the results of the pretent study and of other investigators on the time of appearance and fusion of the epiphyses in the various bones ( Table 2 ). The time of appearance has been investigated, particularly in detail, by Strong [16] , Spark and Dawson [14] , and shown to be within the range from 1 to 3.3 weeks.
The time and sequence of appearance obtained in the present study mostly agreed with their results. The secondary ossification centers appeared from 1 to 2 weeks after birth in most cases, and at the latest within 4 weeks.
The time of fusion of each ossification center obtained in the present study was compared with those reported by Dawson [3] and by Donaldson [5] . While the time of fusion of most of the ossification centers was similar to those reported by these authors, there were some exceptions.
Regarding the proximal epiphysis of humerus, the distal epiphysis of femur, and the proximal epiphysis of tibia, the time of fusion were 110-147 weeks earlier than those reported by Dawson [3] . The time of fusion of the proximal epiphysis of humerus reported by Donaldson [5] was nineth week, which was much earlier than ours. As described by Stevenson [14] , the sequence of epiphyseal union appears found quite generally throughout the majority of other mammalian forms including human, and appears to be a remarkably constant and primitive mammalian character. Dawson [3] reported that the sequence of union of the various epiphyses of the long bones in the albino rat is definite and constant. But, the sequence and time of fusion at these epiphyses is vary different. The following argument is considered for explanation of this difference, although it can The proximal epiphysis of humerus, the distal epiphysis of femur and the proximal epiphysis of tibia, where the dif f rence exists among investigators regarding the time of fusion, are the site which receive the influence of the burden of their own body weight, and where the cell proliferation is stimulated and labile. The time of fusion may, therefore, be variable at these epiphyses between individual animals as influenced by the changes of body burden to the site in the question as well as moving activity of animal. The maturation processes of the respective secondary ossification centers varied with the bones, which may be classified into three types, i. e., (1) acute ossification type which takes a relatively short period from the time of appearance to that of fusion, (2) delayed ossification type which requires a relatively long period for the completion of the fusion, and (3) mouse. This phenomenon of the incomplete fusion is thought to be a certain rodents such as rats and mice, since no incomplete fusion was observed at the epiphyses of the long bones in the beagle dogs [9] and the cynomolgus monkey [7] and man [1] , [15] , [17] . Since the appearance, subsequent development and fusion of the secondary osif ication centers normally follow a fairly pattern and time schedule, it may be concluded that the maturation process is closely related to the age of an animal. Supporting evidences for the above were provided by Vaughan [18] who showed that the maturation process of the secondary ossification centers follow a fairly definite pattern, and by Stevenson [15] who found this pattern exists generally throughout the majority of mammalian species.
Our serious study showed that the sequence of appearance, subsequent development and fusion of the various secondary ossification centers were similar in the so-called long bones of the mouse, rat, beagle dog and man [8] .
When a certain biological stage of bone of the animal is compared with the standard based on such criteria that was proposed by Ohwada and Sutow [13] , the biological age of the animal can be known.
Therefore, each animal species would be regard to show almost the same biological age, when the biological stage of an animal species corresponds with that of the other one. the majority of epiphyses.
However, the existence of the several epiphysis showing the incomplete fusion at this time as seen in the table 3 provides another difficulty. The state of incomplete fusion in the rat was observed to remain from about 17 to 21 weeks to at least 2 years. If this incomplete fusion should be accept as a specific phenomenon to remain life long in the rat, it could be regarded as `complete ' and be comparable to the complete fusion type. Accordingly, the time of 17 to 21 weeks would be considered the endpoint of maturation process in the rat. and 11.1 in the mouse, rat and man, respectively, provided that the times of the completion of bones were comprehensively surmised to be 17 to 21 weeks in the rat and at 17 weeks in the mouse [6] . The percentage of the period from the appearance to the fusion is 15.9, 10.9-12.8 and 25.0-33.3 for the mouse, rat and man, respectively.
As stated above, the relative period of appearance to the prospective average life is much less in the mouse and the rat than that in man. While the secondary ossification centers of the extremities appear extremely rapidly in the mouse and the rat as discussed by Johnson [10] . A relatively long time is required in man. The ratio of the period of the fusion of all the secondary ossification centers occuping in the average life of man is almost equal to that of mouse or the rat. The difference among the three species in the ratio of fusion is less than the ratio of the appearance.
The relative length of time required for the maturity of secondary ossification centers is the shortest in the rat and the longest in man. 
